Supramolecular interactions play a key role in the functional architecture of nature. On patterned surfaces, interactions can be adjusted in strength and further modulated by the orientation of target molecules 1, 2 Here, we have engineered functional ordered arrays of purified components of the photosynthetic system. We relied on multivalent interactions to drive the selective assembly of functional light harvesting LH2 antenna complex onto nanometer structured -cyclodextrin ( -CD) monolayers 2 patterned by nanoimprint lithography (NIL). 3, 4 The nanomachinery of the photosynthetic bacterium Rhodobacter sphaeroides has been an invaluable model for the study of biophysics, biochemistry, and molecular biology of photosynthesis. 5 The membrane-bound LH2 complex is built of nine identical subunits each consisting of an R and a polypeptide. A total of 27 bacteriochlorophyll (BChl) molecules (18 BChl B850 and 9 B800) are bound to this structure having dimensions of ∼6 nm in height and ∼6 nm in diameter. 6, 7 LH2 are interesting candidates for applications in synthetic light converting circuits because of their well-defined optical properties, such as a broad spectral range, high absorption cross section, efficient energy transfer 8 and high photostability. Photosynthetic antenna systems have been used in studies exploiting covalent 9 and electrostatic interactions 10 to promote attachment to a chemically defined surface. A major challenge remains in the control of the interfacial properties and the associated multiple weak interactions to produce and optimize organized molecular structures with controlled directional energy migration.
Here, we show an approach based on a combination of sitedirected mutagenesis, NIL and multivalent host-guest interactions. LH2 complexes were engineered with cysteine residues at the penultimate position of the C-terminus of the R polypeptide chain. These strategic positions at the periplasmic face ensured the orientation of all of the protein complexes upon binding to the surface. The cysteine residues were modified with iodoacetyltri(ethylene glycol) mono(adamantyl ether), AdI, block 3, Chart 1. Protein aggregates in an aqueous buffered solution of 20 mM HEPES, pH 8.0, 0.03% n-dodecyl--D-maltoside ( -DDM) were mixed in 1:20 mol equiv with the AdI in 1.3% dimethyl sulfoxide (DSMO) to yield an average of three adamantyl molecules linked to each protein complex, hereafter referred to as Ad n LH2.
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When adsorbing Ad n LH2 onto a CD-coated glass substrate (Chart 1, block 1), hexa(ethylene glycol)mono(adamantyl ether) AdHEG, block 2, served as a temporary blocking agent for the -CD cavities, preventing nonspecific adsorption by shielding the surface with the HEG chain. 12 The monovalent AdHEG is later effectively displaced through competition by exploiting the higher affinity of the multivalent Ad n LH2. 12 The assembly on the patterned surface is depicted in block 4.
We used a custom-built hybrid high resolution scanning probespectral microscope 13 to characterize the patterned proteins in liquid conditions. A fluorescence titration allowed us to simultaneously address the optical properties after modification of the LH2 complex and the specificity of the binding on nonpatterned -CD surfaces. Upon excitation of the LH2 complexes via the B800 BChl (donor), the energy is then transferred within the complex to the B850 (acceptor) and ultimately emitted as fluorescence. A dilute solution of nonmodified LH2 complexes was incubated onto the -CD monolayer and rinsed with buffer. The average emission spectra (blue box trace, Figure 1a) , indicates a high contribution of nonspecific adsorption. Subsequently, after pretreating the surface with 1 mM solution of AdHEG, a solution of nonmodified LH2 complexes in 1 mM AdHEG was incubated onto the substrate. The nonspecific adsorption was reduced by 94% (open box trace). The previous experiment was repeated with Ad n LH2 complexes. The increase in intensity of the emission signal (green star trace) reveals that the protein complexes specifically bind to the surface by replacement of the monovalent AdHEG with the multivalent Ad n LH2. This replacement 12 and the observed stability against rinsing with a CD solution 2 are evidence for the formation of stable multivalent complexes via at least 3 Ad linkers. Quantitatively, the spectral response from the immobilized Ad n LH2 complexes showed no visible shift of the emission maximum, ∼868 nm, with respect to bulk measurements of nonmodified LH2 complexes (red triangle trace). This observation is compelling evidence that the complete procedure of labeling and surface adsorption has maintained the † Biophysical Engineering Group, University of Twente. ‡ Molecular Nanofabrication Group, University of Twente. § Transducer Science and Technology Group, University of Twente. | University of Sheffield. structural integrity of the LH2 membrane protein. Figure 1b shows a representative spectral image for the patterned Ad n LH2 complexes. On each pixel, a full spectrum was recorded, and integrated over the respective emission band of the LH2 complexes. The exposure of patterns of -CD SAMs surrounded by a protein resistant PEG SAM 14 to the solution of Ad n LH2, 1 mM AdHEG resulted in the selective assembly of the protein onto the -CD regions (green) in a ratio of 16:1 as indicated by the averaged emission spectra (inset Figure 1b ) from active and passivated areas. A monolayer coverage was suggested by quantitative spectral images, which revealed only minor variations (<5%) in intensity over the patterned area.
We performed AFM imaging at low tapping amplitudes to assess the density of the putative monolayer. Figure 1c shows an AFM height image of the patterned LH2 complexes; analysis of the surface indicates a uniform height of ∼6 nm (inset) with reference to the defect (black region), suggesting monolayer coverage of the protein. In the AFM image (Figure 1d ) ring-shaped LH2 proteins could be observed, which are attributed to the exposed face of the complexes. The height histogram (inset Figure 1c) indicated less than 1% multilayer stacked aggregates of proteins in agreement with the fluorescence images.
In an attempt to prepare structures approaching molecular dimensions, NIL was performed using stamps with silicon ridges as small as 40 nm, 4 µm period. Figure 2a shows an AFM height image in liquid of Ad n LH2 complexes on a -CD SAM. The mean fwhm of the lines after processing is 80 ( 5 nm with a height of ∼6 ( 1 nm consistent with the assembly of a monolayer of LH2 complexes, Figure 2c . The increase in width, relative to that of the NIL stamp, is attributed to the process of removal of the residual layer in the imprinting process. Figure 2b shows a fluorescence image acquired with a single photon counting avalanche photodiode, with intensity variations of (14% along the lines. The apparent width of these structures (Figure 2d ) is defined by the optical resolution of ∼700 nm.
We have achieved exquisite spatial control at different length scales of functional specifically bound LH2 complexes in a high throughput manner by exploiting host-guest interactions and NIL. In situ characterization of the formation of these assemblies at molecular dimensions and the fabrication of mixed protein arrays are the subject of current research. 
